The phase slowness method of determining elastic sti nesses using multi-receiver walk-away VSPs is extended to include fracture-related anisotropy. This is achieved by developing a factorized slowness equation for an orthorhombic medium created by embedding a dilute crack fracture distribution in a TIV background. Inspection of the equations suggests that walk-away lines along three di erent azimuths could prove satisfactory for determining vertical fracture strike and help contribute towards an understanding of fracture characteristics. However, for optimum accuracy, it is advantageous to use an additional line azimuth and a regular angular spacing of 45 degrees, particularly when analysing the shear waves.
Introduction
Past work has shown that a wide aperture walk-away VSP can be used to describe the qP phase slowness surface related to the localized region around a borehole receiver array Gaiser 1990 . The method relies upon independent estimation of the vertical s3 and horizontal s h phase slownesses from the gradient o f the travel-times across both the receiver tool and the array of source points respectively. The functional relationship between s3 and s h may then be used to invert for the density-weighted sti nesses, aij. For a TIV medium, this particular strategy determines the coe cients of the quartic function obtained from the Kelvin-Christo el equation This holds for both the qP and qS k waves polarized within the vertical symmetry plane. The S ? wave polarized perpendicular to the symmetry plane is decoupled and satis es the separate equation 2 Inversion of 1 above may be implemented by a variety of methods, the most notable being the rearrangement of the linear equations by Miller and Spencer 1994 . Some results derived by the application of this approach h a ve been summarized by Leaney 1994 . An extension to the orthorhombic case fractured TIV medium was also considered by Miller and Spencer 1994 , who outlined a scheme which relied upon a known or pre-determined orientation for the vertical symmetry planes. In this present work, the problem of orientation estimation is addressed as a sole objective. This estimation is accomplished by obtaining an approximate phase slowness relation which modi es equation 1 to include an azimuthally dependent residual. This residual is found by e n tering the fracture-related sti ness terms as a perturbation of the Kelvin-Christo el equation. Whilst this approximation undeniably limits most analyses to weak anisotropy, it does on the other hand increase the scope of the technique to crack fracture strike determination. In the following, the terminology for inducing the crack fracture-related anisotropy into a TIV medium is summarized, the underlying motivation for this work explained, and then the resultant approximation outlined.
Elastic sti nesses arising from fracture-related anisotropy A weak concentration of cracks fractures in an otherwise isotropic or TIV matrix generally weakens the rock, and hence reduces some of the background elastic sti nesses, c b , by a n amount proportional to the fracture porosity f . The set of sti nesses resulting from fractures striking along the x2 axis can be written to rst order in the fracture perturbation using the generic form Hudson 1986; Hood and Schoenberg 1989 with = c12=c11 and I3 a unit diagonal 3x3 matrix. The dimensionless scalar fracture indices fn and ft relate to normal and tangential boundary conditions respectively, for incident stress on the fracture faces. This particular representation is valid provided the products f fn and f ft remain small compared to unity, otherwise additional second order terms are required. The magnitude of the indices, fn and ft, depends on the fracture ll hydrocarbon gas, live oil conditions, brine, clay, or solid mineral, and also on the fracture style. Indeed the relation in 3 can actually simulate a variety of styles, ranging from a volume distribution of inter-or intra-granular cracks to larger-scale shear fractures and joints with interlocking rugose surfaces. It can also include natural fractures with their gouge choked by mineralization, vuggy fractures, and even an oriented pore space network. In particular, it should be noted that 3 is inherently ambiguous, as combinations of di erent fracture porosities f , together with fn, or ft, may yield the same overall value for the perturbation product. Thus, these actual individual fracture characteristics must necessarily be identi ed by additional information from core and log analyses. In some cases a clear discrimination between certain models may be made by assessing the relative magnitudes of fn and ft. For example, a distribution of unconnected thin pores cracks lled with hydrocarbon gas or liquid gives . Thus, cracks with an aspect ratio of 0.001, average radii of 1mm, density o f 25 million per cubic metre, and a background = of 2, give a f of 0.01 percent and yield f f gas t = 0 :05 and f f gas n = 0:18. For higher values of f , a second order term is required for 3 which actually increases the overall sti ness. It should also be noted that the value of f fn reduces to 0.005 with an oil ll at reservoir conditions, and then 0.0015 with a brine ll for which the aspect ratio also becomes an important parameter. From the above it is clear that et and en are important reservoir parameters, containing much information about the condition of the cracks fractures. The current approach provides an contribution towards determining these from seismic data. 
Phase slowness approximations
The relevant slowness equation for the orthorhombic case is obtained by inserting 3 directly into the Kelvin-Christo el equation. Determinant manipulation according to Helbig 1994 , is followed by a reduction of the terms to concentrate on those linear in en and et. A further simpli cation for a weak TIV background may also be used, where the adjective w eak in this context is synonymous with that used by Thomsen 1986, , and being small quantities compared to unity. Writing the original TIV equation in 1 as F s; c b = 0, the resulting simpli ed residual may be introduced as part of the new functional relation Figure 1 . The above equations can be used as a basis for fracture strike estimation using qP or qS k waves.
Scheme for fracture estimation
The slowness functions in equations 9 to 11 can be replaced by terms involving the azimuth, , of the horizontal walk-away line with respect to the fracture strike and the relatively unknown incidence angle, , at the receiver array. The residual portion of the slowness equation, Gs can now re-arranged to give the familiar form with a similar form for qS k . Strict application of 13 requires four source lines for the walk-away VSP, these being 45 degrees apart Figure 2a . A similar conguration has also been used for re ection moveout analysis by Li 1997. Each pair of experimental estimates s3,s h is a solution to Gs; c = 0 in the slowness domain. Di erencing the resultant slowness s3 a function, H, o f s h determined separately for two orthogonal lines, cancels the azimuthally invariant terms and isolates a cos2. A second set of orthogonal lines rotated by 45 degrees with respect to the rst set yields a second estimate of sin2. These two terms may n o w be combined to give It is also, in principle, a straightforward task to gen- An alternate approach to the using Hs h i s t o i n vert each line azimuth using 1, and then to insert the resultant coe cients int o a s c heme similar to 14 to 17. Figure 3 . An illustration of fracture strike determination using the three or four-line techniques proposed in Figure 2 , for a known fracture strike of 30 degrees. The upper set of diagrams are numerically generated slowness functions for the di erent line azimuths and an orthorhombic medium. The di erenced slowness functions are plotted in the lower diagrams to reveal the degree of t to the fracture strike. Solid dots represent the di erenced data from the slowness curves, and the lines are the correct values.
Discussion and conclusions
The proposed technique determines fracture strike from phase slowness estimates in walk-away VSP. I t requires three or four lines and the weak anisotropy approximation to be valid. From the orientation it is then possible to determine the coe cients of 13 and thus to some degree certain speci c combinations of et and en from estimates of the incident phase angle s h =s3, and knowledge of a66, a44, and a11. The coe cients a66 and a44 may be estimated for this purpose using the qS ? waves on the rotated transverse component o f the data. The use of the shear waves in the technique proposed here is considered essential, and furthermore the strongest shear wave conversion is predicted to be local to the target zone and hence arriving just behind the qP waves MacBeth et al. 1997, with further weaker arrivals from the seabed, near-surface and overburden. The above technique has also been adapted for a strong TIV background. Although it is not possible to obtain a quantitative estimate of fracture strike using two lines with the method above, this could be achieved by a separate procedure involving the principle of pseudo-rotation MacBeth, 1996 for the converted shear wave amplitudes.
